Background--End-stage renal disease is accompanied by functional and structural vascular abnormalities. The objective of this study was to characterize vascular function in a large cohort of patients with end-stage renal disease, using noninvasive physiological measurements, and to correlate function with demographic and clinical factors.
P atients with end-stage renal disease (ESRD) have a high burden of vascular disease as a result of both traditional risk factors such as hypertension and diabetes mellitus and nontraditional risk factors such as disordered mineral metabolism. Brachial artery flow-mediated dilation (FMD) and pulse wave velocity (PWV) are noninvasive physiological measures of arterial function that provide information about endothelial function and arterial stiffness, respectively.
Among persons with preserved kidney function, both reduced FMD and increased PWV predict future cardiovascular events.
1,2 Forearm venous occlusion plethysmography (VOP)
provides an indirect indication of venous capacitance by measuring the increase in forearm volume in response to outflow obstruction. 3 Venous capacitance, as assessed by VOP, has been associated with hemodialysis arteriovenous fistula (AVF) maturation, a process that requires venous as well as arterial dilation. 4 Although it is well appreciated that ESRD is accompanied by structural and functional alterations in blood vessels, most descriptions of noninvasive physiological measures of vascular function in ESRD populations come from single-center studies that assessed only one type of vascular function. [5] [6] [7] [8] [9] [10] [11] It is not known whether the clinical and demographic factors that are associated with vascular function abnormalities among persons with preserved kidney function are also important for ESRD patients. In addition, relationships between different types of vascular function, such as endothelium-dependent and -independent processes, or between functions of different types of vessels, such as elastic arteries, muscular arteries, resistance arterioles, and veins, have not been established in ESRD. It is not known, for example, whether arterial stiffness is accompanied by low venous capacitance after accounting for major systemic factors such as age. The Hemodialysis Fistula Maturation Study (HFM) was a multicenter prospective cohort study designed to identify predictors and underlying mechanisms of hemodialysis AVF maturation. 12 The study enrolled patients with ESRD undergoing surgical creation of an AVF. Preoperative vascular function studies were performed to determine relationships between underlying vascular function and AVF maturation. This rich data set provides a unique opportunity to examine the determinants of vascular function in ESRD, separate from any linkages to AVF maturation. The objectives of this report were to characterize vascular function in the HFM participants and to describe cross-sectional relationships (1) between vascular function measures and demographic, clinical, and biochemical factors and (2) among the different vascular function measures, adjusted in each case for potential confounding by age, sex, race, and diabetes mellitus status.
Methods Participants
The HFM enrolled 602 patients from 7 centers who underwent creation of an AVF between March 23, 2010 , and September 23, 2013 . Enrollment required completion of at least 2 of the following 3 sets of studies within 45 days prior to AVF creation: (1) brachial artery FMD followed by nitroglycerinmediated dilation (NMD) unless contraindicated, (2) carotidradial (C-R) and carotid-femoral (C-F) PWV, and (3) VOP. Approval for the study was obtained from the institutional review board of each center, and all participants provided informed consent.
Vascular Function Studies
Vascular function studies used uniform protocols and were performed by study personnel who were trained and certified by the HFM Vascular Function Core at Boston University.
Participants fasted for at least 6 hours prior to the studies and refrained from exercise starting at midnight before the studies. When possible, all studies were performed on a single day in the following order: (1) VOP, (2) arterial PWV, (3) brachial artery FMD, and (4) brachial artery NMD. Studies were performed on the arm that was expected to be used for AVF creation unless there was a patent arteriovenous vascular access in that arm. Prior to performing VOP, after a 10-minute period of rest, blood pressure and heart rate were measured using a SunTech 247 device (SunTech Medical). Three measurements of blood pressure and heart rate were obtained, each separated by 1 minute.
Brachial artery reactivity
FMD was measured as an indicator of the endotheliumdependent arterial dilatory response to increased blood flow, and NMD was determined as an indicator of the endothelium-independent arterial dilatory response to nitroglycerin, an exogenous source of nitric oxide. After placement of a custom Hokanson 3.25″922″ blood pressure cuff with a quick release sphygmomanometer (D.E. Hokanson, Inc.) on the upper arm and 10 minutes of rest in a supine position, a high-resolution linear ultrasound probe (≥7.5 MHz) was used to obtain 2-dimensional images of the brachial artery and pulsed wave Doppler signals. The blood pressure cuff was then inflated to 200 mm Hg or to 50 mm Hg above the systolic blood pressure, whichever value was higher. After 5 minutes of inflation, the cuff was deflated. At 15 seconds after deflation, brachial artery Doppler signals were obtained. The 2-dimensional images gated on the R-wave were obtained 55 to 65 seconds after deflation to determine FMD. Following a 10-minute period of rest in a supine position, 2-dimensional ultrasound imaging of the brachial artery was performed again at the same location used for the measurement of FMD. Nitroglycerin was administered sublingually at a dose of 0.4 mg, and brachial artery ultrasound imaging was repeated 3 minutes later to determine NMD. NMD was not assessed if any of the systolic blood pressure readings were <100 mm Hg, if there was use of a phosphodiesterase type 5 inhibitor within the past 7 days, or if there was a history of migraine headaches or nitroglycerin intolerance.
The 2-dimensional images were used for measurement of brachial artery diameter using customized software, and the Doppler signals were used for determination of flow. Image analysis was performed at the HFM Vascular Function Core facility at Boston University. Resting and hyperemic flow were determined from the Doppler signals. Hyperemic flow is dependent on ischemia-induced dilation of resistance arterioles and is mediated in part by nitric oxide.
C-R and C-F arterial PWV PWV was measured using the SphygmoCor device (Atcor Medical) as an assessment of stiffness of the aorta (C-F PWV) and the upper extremity arteries (C-R PWV). The C-F distance was computed as the distance from the sternal notch to the femoral pulse minus the distance from the sternal notch to the carotid pulse. The C-R distance was computed as the distance from the sternal notch to the radial pulse minus the distance from the sternal notch to the carotid pulse. The pulse waveforms were recorded using applanation tonometry at the carotid followed by the radial sites for the C-R PWV determination and at the carotid followed by the femoral sites for C-F PWV determination. Waveform acquisition was repeated if the automated, device-determined standard deviation for a set of 10 waveforms was >10%. The QRS complex from electrocardiogram leads served as the reference for the origin of the pulse waveform. Pulse wave velocities are expressed as meters per second.
Venous occlusion plethysmography
VOP was performed to assess the capacitance of the veins in the upper extremity. Participants were placed in a supine position with the arm supported and elevated above the level of the heart. The Hokanson EC5 strain-gauge plethysmography device with NIVP3 software was used for waveform acquisition and analysis (D.E. Hokanson, Inc). A strain gauge of appropriate size was placed around the forearm at the position of greatest diameter to measure change in forearm circumference. An SC10D arm cuff (D.E. Hokanson, Inc) placed on the upper arm was inflated for 3 minutes to the designated pressure and then deflated using an automated rapid inflator device. Waveforms were acquired while the cuff was inflated and for 5 seconds after deflation. The procedure was performed at cuff inflations to 20, 30, 40, 50, and 60 mm Hg in succession. The relative change in forearm volume after cuff inflation, expressed as milliliter increase per 100 mL of forearm volume (mL/100 mL), was determined at each cuff pressure; the slope of its regression on cuff pressure, termed "capacitance slope," is taken as the principal measure of venous capacitance. This is expressed as the additional fractional expansion of forearm volume (mL/ 100 mL) per 10-mm Hg increase in cuff pressure and thus in units D(mL/100 mL)/10 mm Hg. The mean relative increase in forearm volume over the 5 cuff pressures (in mL/100 mL) is also described. The maximum venous outflow (mL/100 mL forearm volume per minute) was also recorded after deflation from each cuff pressure. As with capacitance, the slope of its regression on venous pressure, termed "maximum venous outflow slope" and reported as D(mL/100 mL per minute)/ 10 mm Hg, is taken as the principal indicator of maximum venous outflow. The mean maximum relative venous outflow over the 5 cuff pressures (in mL/100 mL per minute) is also described.
Statistical Methods
In a formal statistical analysis plan, 7 primary and 11 additional vascular function variables (Table 1) were preselected for descriptive summarization in relation to age, sex, CAP indicates capacitance; FMD, flow-mediated dilation; FMD%, flow-mediated dilation expressed as percent change in artery diameter from baseline; MVO, maximum venous outflow; NMD, nitroglycerin-mediated dilation; NMD%, nitroglycerin-mediated dilation expressed as percent change in artery diameter from baseline; PWV, pulse wave velocity; VOP, venous occlusion plethysmography. *History of any of the following: myocardial infarction, angina, coronary artery bypass surgery or angioplasty, congestive heart failure, cardiac arrhythmias or conduction problems, stroke, transient ischemic attack, carotid endarterectomy, carotid artery angioplasty, lower extremity arterial bypass surgery or angioplasty, nontraumatic amputation, and claudication. race, and self-reported diabetes mellitus status. The primary variables were correlated with each other and with preselected clinical factors, controlling for these 4 variables ( Table 1) . FMD and NMD are expressed as the postischemia and postnitroglycerin percentage changes (FMD% and NMD%), respectively, in brachial artery diameter. Recent papers have argued that diameter change relative to baseline diameter, as in FMD% and NMD%, does not properly standardize arterial dilation to the size of the patient and artery and advocate alternative allometrically adjusted measures. [13] [14] [15] To see if such allometric adjustment materially affected results, we modeled 2 suggested alternatives to each of FMD% and NMD %, both formed from regression of log(poststimulus diameter) on log(prestimulus diameter): (1) the patient's residual from this regression 14 and (2) the ratio of the patient's poststimulus to prestimulus diameter after first exponentiating the latter by the estimated regression coefficient.
14 For all vascular function variables studied, we used a modified direct-adjustment procedure to estimate means of each variable in strata formed separately by age (<40, 40-49, 50-59, 60-69, and ≥70 years), sex, black versus other race, and prevalent diabetes and by age-sex-race and age-sexdiabetes mellitus combinations, adjusted to a population equally distributed across clinical sites. 16 For the 2 sets of 3-factor strata estimates, we used a model with clinical sites as fixed blocks and all 3-way interactions of age, sex, race, and diabetes mellitus (or a minimally further reduced model if needed) to impute the site-specific values required by the direct adjustment approach for 3-factor combinations that were absent at specific clinical sites and to smooth sitespecific means of combinations with ≤2 patients at ≥1 site. CAP indicates capacitance; FMD%, flow-mediated dilation expressed as percent change in artery diameter from baseline; MVO, maximum venous outflow; NMD%, nitroglycerin-mediated dilation expressed as percent change in artery diameter from baseline; PWV, pulse wave velocity. *See Figure 1 for illustration of interactions. Linear mixed-effects statistical models with random effects of clinical sites and fixed effects of age, sex, race, and diabetes mellitus were fitted to each of the 7 primary vascular function and 4 alternative allometrically adjusted measures. A stagewise backward elimination procedure was used, with models successively tested for classes of interactive and nonlinear effects, potentially allowing recognition of such effects if strong, and essentially penalizing complexity and controlling overall type 1 statistical error from multiple testing. The effects of age, sex, race, and diabetes mellitus on each vascular function variable were then estimated and tested while controlling simultaneously for the other 3. Effects of the additional potential demographic and clinical baseline correlates of vascular function were similarly examined by incorporation into the age, sex, race, and diabetes mellitus model reached by this reduction process. These variables were retained in all models, regardless of statistical significance, to adjust for any potential confounding by these factors. The examination of each continuous predictor included an initial test for nonlinearity.
Statistical associations among the vascular function measures were assessed, controlling for clinical site, age, sex, Analyses were restricted to participants for whom the variables involved were measured, without imputation of missing data. A statistical analysis appendix (Data S1) provides further details of the adjustment and modeling processes. Except as otherwise noted, the criterion for statistical significance was P<0.05 and was met by the associations reported.
Results
Baseline characteristics of all 602 HFM participants and the subgroups with each vascular function test are shown in Table S1 . For the full cohort, the mean age was %55 years, 44% of the participants were black, and 59% had diabetes mellitus. At the time of AVF creation, 64% were receiving maintenance dialysis. The most frequent reasons for noncompletion of each vascular function study were as follows: (1) for FMD, the study was rejected by the core because of technical flaws (5.5%); (2) for NMD, contraindication to nitroglycerin administration was present (9.6%) or the study was rejected by the core because of technical flaws (5.7%); (3) for PWV, technical data capture difficulties were present due to atrial fibrillation or body habitus (10.5%) or standard deviation ≤10% could not be obtained for a set of 10 pulse waveforms (9.8%); and (4) for VOP, technical or logistical difficulties were present at the clinical center (2%). For each vascular function test, baseline characteristics of participants who completed the test were similar to those of the full cohort (Table S1) . Tables 2 and S2 show the primary and additional centeradjusted vascular function measurements, respectively, stratified individually by age, sex, race, and diabetes mellitus, each of which has been found in other populations to be associated with FMD or PWV. Tables S3 and S4 show analogous results for the full set of vascular function measurements but jointly stratified by age, sex, and race (Table S3 ) and by age, sex, and diabetes mellitus (Table S4 ). In linear mixed models controlling for clinical site, age, sex, race, and diabetes mellitus (Table 3) , increased age was associated with lower hyperemic velocity, FMD%, and NMD% and higher C-F PWV; male sex was associated with lower FMD%, lower NMD%, higher C-R PWV, and higher maximum venous outflow slope. Black race was associated with lower hyperemic velocity and higher C-R PWV, and diabetes mellitus was associated with lower FMD, NMD, and venous capacitance slope and higher C-F PWV and was marginally significantly associated with higher C-R PWV. As illustrated in Figure 1 , for C-F PWV, there were interactions between diabetes mellitus and age, sex, and race. C-F PWV, for example, increased with age but was higher among younger patients with diabetes mellitus than in older patients without diabetes mellitus and was higher among female than male black patients with diabetes mellitus but lower in female patients in other subgroups. The relationship between C-F-PWV and age appeared nonlinear, steepening at %45 years. Allometric adjustment (Table 3) for FMD% removed the agerelated decline and a trend to lower values among black patients and reversed the male-female difference. For NMD%, allometric adjustment attenuated the age-related decline by 42% and removed both the effect of sex and the trend to lower values among black patients. Allometric adjustment had only minimal effects on diabetes-associated reductions for FMD% and NMD%. Additional factors that were hypothesized to affect vascular function were evaluated for associations with each of the vascular function tests in models incorporating age, sex, race, and diabetes mellitus (Tables 4 through 6 ). For FMD, clinical history of vascular disease and dialysis treatment were associated with lower and higher FMD%, respectively, and the relationship with serum phosphorus was U-shaped with higher FMD% at low serum phosphorus concentrations and at high concentrations (Figure 2) . For hyperemic velocity, both systolic and diastolic brachial artery blood pressures were associated with higher ischemia-induced velocity, and for NMD, systolic brachial artery blood pressure was associated with lower nitroglycerin responsiveness. Relationships between FMD% and both dialysis treatment and phosphorus persisted with allometric adjustment, as did the relationship between NMD% and systolic blood pressure. Allometric adjustment converted an association of vascular disease history with reduced NMD% from marginally nonsignificant (P=0.07) to marginally statistically significant (P=0.04) (Table S5 ). For PWV, systolic and diastolic blood pressures were both associated with higher C-F and C-R PWV, and body mass index was associated with lower C-R PWV but not with C-F PWV. For the VOP measures, higher body mass index was associated with lower capacitance and maximum outflow slopes, higher serum albumin was associated with lower maximum outflow slope, and higher serum phosphorus was associated with higher venous capacitance slope and marginally nonsignificantly associated with higher maximum venous output slope.
Partial correlations between different vascular function studies are shown in Table 7 . After controlling for demographic factors and diabetes mellitus, relationships of reasonable magnitude were evident for (1) FMD% and NMD% (R=0.503, P<0.0001) and (2) venous capacitance and maximum venous outflow slopes (R=0.671, P<0.0001). There were statistically significant but modest correlations between C-F and C-R PWV (R=0.196, P<0.0001) and between C-F PWV and NMD% (R=0.167, P=0.0027). There were no apparent relationships between venous capacitance or maximum outflow slopes and any of the measures of arterial function or between measures of brachial artery dilation (FMD or NMD) and PWV.
Discussion
We performed a comprehensive assessment of vascular function in a large cohort of patients who were being treated with hemodialysis or were anticipated to begin hemodialysis within 3 months. The assessment included evaluation of arteries of different sizes and types as well as the venous system. Some, but not all, attributes that have been associated with impairment in vascular function in populations without chronic kidney disease were similarly associated with vascular functional impairment in our ESRD cohort. Conversely, some of the associations we identified have not been described previously in other populations. Of note, after controlling for the contributions of age, sex, black race, diabetes mellitus, and clinical center, we found only modest correlations among the major categories of vascular function measurements, indicating that the different types of vascular function vary relatively autonomously after accounting for these case-mix factors. Overall, in comparison with cohorts without ESRD, arterial function in the HFM cohort was poor with low FMD and NMD and high C-F PWV, indicating substantial impairments in endothelial function, nitric oxide responsiveness, and arterial compliance, respectively. The relationships between demographic factors and brachial artery reactivity in the HFM participants were similar to those identified in studies of persons with preserved kidney function. In the absence of allometric adjustment, increased age and male sex were associated with lower FMD and NMD in our cohort, as in other populations. 21, 22 In addition, as previously reported, FMD% was higher in men than in women after incorporation of allometric adjustment. 14 Although black race was associated with lower hyperemic velocity, we found no relationship between black race and FMD to NMD; this finding differs from a previous study of a cohort without chronic kidney disease in which black race was associated with higher NMD. 23 Among the clinical factors we evaluated, diabetes mellitus was associated with lower FMD and NMD, similar to many studies of other populations. 24, 25 The finding that FMD was greater among those receiving treatment with maintenance hemodialysis than in those who had not yet initiated dialysis is consistent with dialytic removal of mediators of endothelial dysfunction and, importantly, suggests that endothelial function is modifiable in this patient population. The largely U-shaped relationship that we observed between serum phosphorus and FMD, with higher FMD% at both low and high phosphorus concentrations, has not been reported in other cohorts. Higher FMD at low phosphorus concentrations is consistent with the generally accepted view that phosphorus has deleterious effects on the vasculature, at least in part by promoting calcification. 26, 27 It is not clear, however, why a benefit of low phosphorus was not also evident for NMD or PWV, each of which has more obvious dependence than FMD on vessel wall structure, or why FMD would be better at markedly elevated, compared with moderately elevated, phosphorus levels. Adjustment by dialysis status did not notably alter the shape of the FMDphosphorus relationship, suggesting that the observed relationship was not simply a reflection of different phosphorus concentrations in patients before and after initiation of maintenance dialysis.
The associations of C-F PWV with age, diabetes mellitus, and both systolic and diastolic blood pressures observed in this study are consistent with well-established risk factors for aortic vascular stiffness 28, 29 ; however, the interaction of age and diabetes in our cohort, with a greater impact of diabetes mellitus at younger versus older ages, has not been highlighted in cohorts without chronic kidney disease. Our finding may reflect greater severity of manifestations of diabetes mellitus, including diabetes-associated vascular disease, among diabetic patients who develop ESRD at younger ages. In contrast to C-F PWV, we found no association of age and only a borderline statistically nonsignificant association of diabetes mellitus with higher C-R PWV. Our finding of different risk factors for elevated C-F and C-R PWV is consistent with the results of Pannier et al, who measured C-F and C-R PWV in 305 patients with ESRD and found pulse pressure to be the only factor associated with C-R PWV, whereas age, diabetes mellitus, pulse pressure, smoking, and low-density lipoprotein cholesterol were each associated with C-F PWV. 30 In the population without chronic kidney disease, increases in stiffness associated with aging are greater for the aorta than for peripheral arteries 31 ; a similar pattern could underlie the absence of a detectable relationship between C-R PWV and age in the HFM cohort.
Little is known about determinants of venous function in either the presence or absence of chronic kidney disease. The inverse association between serum albumin concentration and venous outflow may relate to the effects of albumin on blood viscosity. The inverse associations of body mass index with venous capacitance slope and maximum venous outflow may underlie, in part, previously reported associations between obesity and AVF failure. 32, 33 The absence of relationships among different types of vascular function, after adjustment for demographic factors and diabetes mellitus, indicates heterogeneity in patterns of vascular function. The finding that partial associations of each of the arterial function measures with venous function were nonsignificant or negligible is particularly striking.
Our study has limitations. Because participants were required to complete only 2 of the 3 groups of vascular function tests (brachial artery reactivity, PWV, and VOP), missing NMD and PWV data limit the precision of estimates and the power to confirm their associations with possible correlates. Although the similar characteristics of test completers and the full cohort (Table S1 ) do not suggest this, possible nonresponse bias is also a concern in principle. The lack of normative values for the vascular function studies that we conducted limits comparisons between the HFM cohort and persons with preserved kidney function. Our assessment of arterial stiffness was restricted to PWV and did not include direct assessments of arterial distensibility. Finally, cross-sectional data cannot support causal inferences.
Our study also has a number of strengths. The sample size is substantially larger than most previous studies of vascular function in advanced chronic kidney disease, and the array of vascular studies performed is more comprehensive. The measurements were performed at multiple centers using uniform protocols and central evaluation and quality control of the brachial artery ultrasound images. Consideration of allometric scaling in sensitivity analyses allowed us to determine that most FMD and NMD findings were qualitatively similar if the degree of dilation was allometrically standardized to body size and brachial artery diameter.
In summary, this study provides the cross-sectional results of a comprehensive assessment of vascular function in a large cohort of patients with ESRD, describes the relationships between these tests, and identifies demographic and clinical factors associated with each.
Data S1

Statistical Appendix
To accommodate empty cells and further stabilize directly clinical center adjusted vascular function measures, means for strata with two or fewer patients at a particular site were imputed from a fixed effects factorial linear model for age, sex, race, and diabetes with clinical sites treated as additive blocks.
Full factorial age×sex×race×diabetes models were used when possible, with high order interactions deleted to obtain a reduced saturated model if necessary. Predicted means and their standard errors were imputed to these strata and thereby incorporated into the clinical site-adjusted means and standard errors. Age×sex×diabetes values also were adjusted for race, weighted to the study-wide proportion of blacks among HFM patients.
In fitting the linear mixed models, alternative covariance structures were fit by restricted maximum likelihood using a saturated fixed effects model, and allowing variance to depend on clinical site or combinations of clinical site with age, sex, race, or diabetes. The best fitting of such models was selected using the Bayesian information (BIC) criterion 34 In modeling the mean, age trends were allowed to vary nonlinearly through two degree of freedom (df) restricted cubic splines, with knots at the 5 
